Barrett's esophagus develops in 5-10% of patients with gastroesophageal reflux disease and predisposes to esophageal adenocarcinoma. We have previously shown that a systematic baseline endoscopic biopsy protocol using flow cytometry with histology identifies subsets of patients with Barrett's esophagus at low and high risk for progression to cancer. In this report, we further examined cytometric variables to better define the characteristics that best enable DNA cytometry to help predict cancer outcome.
INTRODUCTION
For the past 2 decades, the incidence of esophageal adenocarcinoma has been increasing rapidly in the United States and many regions of Western Europe (1) (2) (3) (4) . Unfortunately, most cases of esophageal adenocarcinoma are detected when the cancer is advanced and incurable, and Ͼ90% of patients die of their disease (5). Barrett's esophagus is the only known precursor to esophageal adenocarcinoma; a systematic endoscopic biopsy protocol can detect esophageal adenocarcinomas at an early stage, with 5-yr survival rates of 80 -90% or more after esophagectomy (6 -8) . Thus, endoscopic surveillance is frequently recommended for the early detection of cancer in patients with Barrett's esophagus (6 -9) .
However, follow-up and autopsy studies indicate that the vast majority of patients with Barrett's esophagus do not develop cancer (10, 11) . For example, in nine follow-up studies, only 3.6% of nearly 1000 patients with Barrett's esophagus progressed to cancer (10 -18) . These observations have led to controversy concerning management of the cancer risk in patients with this condition (19) . Some authorities recommend periodic surveillance, whereas others question the value of surveillance in the average patient (10, 17, 19, 20) . The low incidence of cancer in patients with Barrett's esophagus has led to debate concerning optimal surveillance intervals, even among those who support endoscopic biopsy surveillance (10, 11, 17, 19, 20) .
We have recently shown that patients who do not have high-grade dysplasia (HGD), aneuploidy, or increased 4N fractions after a baseline four-quadrant endoscopic biopsy protocol are at low risk of progressing to cancer during the subsequent 5 yr (21) . Conversely, the presence of HGD, aneuploidy, increased 4N fractions or combinations of these abnormalities identifies subsets of patients who are at increased risk for progression. The presence of DNA aneuploidy or elevated 4N fractions was a strong predictor of increased risk for cancer progression even in patients without high-grade dysplasia. However, there were no significant differences among negative, indefinite, and low-grade dysplasia histological categories with regard to progression to cancer. None of these abnormalities are perfectly predictive, and some patients with HGD, aneuploidy, or increased 4N fractions may remain free of cancer indefinitely. However, these previous analyses were based on a maximal 4N cutoff abnormality at the baseline endoscopy, and more detailed evaluation of cytometric variables was not performed. In addition, prognostic strength of S-phase measurements, a biomarker that is frequently proposed for risk assessment in Barrett's esophagus (22) (23) (24) (25) (26) , was not examined. Furthermore, the DNA content of the aneuploid cell populations may have prognostic value, as has been reported for some types of cancer (27, 28) . We have also shown previously that some patients who progress to cancer have multiple aneuploid cell populations in the Barrett's segment (29, 30) , and it is also possible that the presence of multiple DNA content abnormalities may be indicative of more advanced clonal evolution and an increased risk for cancer.
The Seattle Barrett's Esophagus Project has had a prospective endoscopic biopsy surveillance study since 1983. Between July 1, 1983, and June 30, 1998, we evaluated 307 patients who had baseline histological and flow cytometric DNA content and S-phase assessment, as well as at least one follow-up evaluation (21) . Here, we report the outcome of these patients based on a detailed examination of the following cytometric variables: DNA content of aneuploid cell populations; number and distribution of DNA content abnormalities; and fraction of S-phase and 4N cells.
MATERIALS AND METHODS

Patients
A total of 322 patients had Barrett's esophagus, as defined by the presence of specialized columnar metaplasia in esophageal biopsies, and at least one follow-up endoscopy with protocol biopsies as part of the Seattle Barrett's Study between July 1, 1983, and June 30, 1998 (21) . Total patientyears of follow-up in this study were 1338. Patients who had a prior history of esophageal cancer were excluded. As compared to our previous report, the baseline endoscopic evaluation was redefined for this study as the first for which a valid flow cytometric S-phase analysis was available (see DNA Content Flow Cytometry, below), in addition to DNA content flow cytometry and histology. Of the 322 patients, 15 either did not have such a baseline measurement (n ϭ 9) or had not been followed long enough to have a subsequent endoscopic evaluation (n ϭ 6), leaving 307 qualifying patients, 34 with a baseline date that was later than that of the previously reported study (21) . The mean follow-up time from baseline to cancer or last endoscopy was 56 months (median 40, range 0.5 to 174). Patients were counseled concerning the risks and benefits of endoscopic biopsy surveillance and were informed of potential alternatives, including surgery for HGD. The Seattle Barrett's Esophagus Study was approved by the Human Subjects Review Board at the University of Washington in 1982 and renewed annually thereafter, with reciprocity from the Fred Hutchinson Cancer Research Center since 1993.
Endoscopy and Biopsy
Endoscopies were typically performed by one of three endoscopists (D.S.L., P.L.B., B.J.R.) using a large-channel endoscope and jumbo biopsy forceps (31) . From 1985 to 1998, four-quadrant biopsy specimens were generally taken at 2-cm levels throughout the Barrett's segment. After 1992, four-quadrant biopsies were taken at 1-cm levels in patients with a known history of HGD. One biopsy at each level was divided in half for histology and flow cytometry.
Histology
Biopsy specimens were processed and interpreted as described previously (6) .
DNA Content Flow Cytometry
Biopsy specimens were processed for flow cytometry as previously described (29) . Aggregates were reduced by gating on peak versus area histograms, taking care to not eliminate true 4N cells, as determined from prior historical assessment of cases with large 4N populations. S-phase analysis was performed using MultiCycle software with "sliced nucleus" background correction, but without software aggregate correction. In accordance with published guidelines (32) , histograms containing Ͻ10,000 events or background aggregates and debris of Ͼ20% were not considered adequate for S-phase analysis, requiring evaluation of histograms from the next endoscopy as the baseline measurement (see Patients, above). A trained technician and one of the authors (P.S.R.) interpreted flow cytometric histograms. Disagreements were resolved by joint review of the histogram.
Statistical Analysis
Relative risk (RR) estimates for the association of baseline flow cytometric measures with the subsequent incidence of cancer were obtained from univariable Cox proportional hazards regression models (33) . Outcome and censoring times were defined relative to baseline endoscopy. Wald test p values were based on RR estimates from the corresponding models.
The Kaplan-Meier estimator was used for cumulative cancer incidence curves and estimates, with censoring at time of last surveillance endoscopy. Corresponding 95% CI were based on Greenwood SE estimates (33) .
Receiver operating characteristic (ROC) curves (34, 35) were used to examine the predictive value of the continuous measures, 4N, and S-phase fractions. An ROC curve is a statistical tool that is sometimes used to describe the accuracy of diagnostic and screening tests when the test measure is continuous. Such curves are constructed by varying the threshold used for defining a positive test and plotting the associated sensitivity (true-positive rate) and 1 Ϫ specificity (false-positive rate) values against each other. ROC analyses were restricted to patients with at least 18 months of follow-up unless these patients developed cancer before this time.
In addition to looking at the sensitivity-specificity tradeoffs for 4N and S-phase fractions, the two-sample log-rank test statistic (33) for cancer outcome was calculated and plotted as a function of the threshold used to define a positive test. The log-rank test statistic is based on the difference in the observed and expected number of failures (cancers) within groups, and takes into account variable follow-up times. It is very similar to the test of whether RR ϭ 1 for a group indicator variable in a Cox regression model.
The p values were not corrected for multiple comparisons or the exploratory approach to selecting thresholds for cytometric measures.
RESULTS
Of the 307 patients who met the entry criteria, 42 developed cancer (13.7%) during follow-up. Consistent with the previously reported results (21), HGD, aneuploidy, or increased 4N fractions were detected at the baseline endoscopy in 90% of patients who progressed to cancer (38/42) and in 100% of patients who progressed to cancer within 5 yr (34/34).
ROC and Cut Point Analysis Curves for 4N Fractions
Our previously reported analysis of 4N fractions used a cut point of 6% to define an elevated 4N fraction (21) . This was based on earlier studies that showed a correlation of 4N fractions of Ͼ6% with histological abnormalities (36) . Therefore, it was important to re-evaluate the threshold defining 4N abnormalities based on association with cancer outcome. Figure 1A shows the ROC curve, whereas Figure  1B shows results of a two-sample log-rank test for cancer outcome as a function of 4N cut point. The ROC curve is a common statistical presentation in which for each cut point, sensitivity (true positive rate) is plotted as a function of 1 Ϫ specificity (false-positive rate). Perfect sensitivity and specificity would be in the upper left corner of the plot. Both ROC and log-rank analyses are consistent with the interpretation that 6% is the cut point that represents the optimal combination of sensitivity and specificity for detection of cancer risk in this cohort of Barrett's esophagus patients. ROC and cut point analysis curves were similar when the analysis was restricted to patients without baseline HGD (data not shown). Of the 307 patients in this study, 52 had a 4N fraction of Ͼ6% at baseline endoscopy. The cumulative incidence of cancer 3 yr and 5 yr after an elevated 4N was 53% (CI ϭ 38 -69) and 57% (CI ϭ 41-74), respectively (Table 1 and Fig. 2A ).
4N Fractions > 15% and < 15%
Although there is not a single definition of abnormally elevated 4N fractions in the literature, the majority of published studies have used 15% as the cutoff for definition of "tetraploidy," and a cut point of 6% is lower than has generally been recognized as abnormal in other tissue types. We therefore wished to address the question of whether 4N fractions of 6 -15% were as predictive of cancer risk as 4N fractions of Ͼ15%. Figure 2B and Table 1 illustrate that these two categories seem to be equivalently strong predictors of cancer outcome.
Distribution of Aneuploid DNA Contents
The distribution of aneuploid DNA contents was not uniform. Instead, the aneuploid populations fell into a bimodal distribution, with "triploid" (2.7 Ͻ N Ͻ 4.0) abnormalities constituting the majority and near-diploid aneuploid cell populations (2.0N Ͻ N Ͻ 2.7N) representing the minority (Fig. 3A) . A small fraction of aneuploid populations had DNA contents of Ͼ4N or Ͻ2N.
DNA Content and Progression to Cancer
One of 11 patients (9%) whose only abnormality was a near-diploid aneuploidy (DNA content Յ 2.7N) progressed to cancer, compared with 15 of 34 patients (44%) who had an aneuploidy of Ͼ2.7N. The cumulative cancer incidence rates between these two groups (Fig. 3B ) shows a marked difference between the two categories (p Ͻ 0.01, RR ϭ 10.4, CI ϭ 1.4 -80). Importantly, no patient with a neardiploid DNA content progressed to cancer within 5 yr from the baseline endoscopy (Fig. 3B) . Figure 4 shows the cumulative cancer incidence rates for patients with aneuploidy only, 4N fractions of Ͼ6%, neither, or both. Figure 4A shows results obtained with aneuploidy defined as any abnormal DNA content, including near-diploid aneuploidies. The presence of elevated 4N fractions alone (RR ϭ 11, CI ϭ 5.1-25) or elevated 4N fractions and aneuploidy together (RR ϭ 20, CI ϭ 9.0 -44) was more predictive of cancer outcome than were the presence of aneuploidy alone (RR ϭ 4.4, CI ϭ 1. 4 -14) . These results are similar to our previously published observations (21) . However, when aneuploid DNA contents were limited to those Ͼ2.7N (Fig. 4B and Table 1 ), the presence of aneuploidy only and the presence of elevated 4N fractions only predict similar cancer risk (RR ϭ 7.9, CI ϭ 2.3-28; and RR ϭ 10.2, CI ϭ 4.7-22, respectively). The presence of both, however, has increased predictive value for cancer outcome (RR ϭ 23, CI ϭ 10 -50, 3-yr and 5-yr cancer incidences both 75%) ( Table 1 ). This increased predictive value, relative to either alone, is significant (RR ϭ 2.4, CI ϭ 1.1-5.2, p ϭ 0.02).
Combination of Aneuploidy and Elevated 4N Fraction
Number of Aneuploid Cell Populations of >2.7N and Progression to Cancer
Of 34 patients, 22 (65%) had a single aneuploid cell population of Ͼ2.7N in the baseline endoscopy; nine of the 34 patients (27%) had two aneuploid populations, and three patients (9%) had three or four aneuploid populations (as DNA contents of Ͻ2.7N were shown to have little prediction of cancer risk, these ploidy values were eliminated from this analysis). Although the numbers in these groups are small, cancer incidence seems to be similar in patients with one aneuploid population (nine of 22 patients developed
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Number and Fraction of Levels With DNA Content Abnormalities
In some patients, DNA content abnormalities were present over large regions of the esophagus; in others, however, the DNA content abnormality seemed to be much more localized. To determine whether the risk of cancer was higher in one case than in the other, we looked at cancer incidence as a function of both the number of levels with a DNA content abnormality (either aneuploidy Ͼ 2.7N or 4N elevation) and fraction of levels with a DNA content abnormality. Of 307 patients, 35 (11%) had only one level with a DNA content abnormality at baseline endoscopy, 11 patients (4%) had two, eight (3%) had three levels with a DNA content abnormality, and 10 (3%) had four to nine levels with a DNA content abnormality. The observed incidence of cancer among patients with two or more levels having a DNA content abnormality was slightly greater than those with only one level involved, but this was not statistically sig- nificant (RR 1.6, CI ϭ 0.74 -3.4, p ϭ 0.24). The risk of cancer in patients with three to nine levels with a DNA content abnormality was greater that that of patients with one to two levels involved, but this was of borderline significance (RR ϭ 2.2, CI ϭ 98 -4.7, p ϭ 0.06). The fraction of levels in the baseline endoscopy with a DNA content abnormality was examined by tertiles, and no difference in cancer incidence was seen (data not shown).
ROC and Cut Point Analysis of S-Phase Fractions
S-phase fractions are frequently proposed as biomarkers of risk in Barrett's esophagus (22) (23) (24) (25) (26) , and our previous studies have shown a correlation of S-phase fractions of Ͼ7% with histological abnormalities (29) . To determine what degree of increased S phase might be correlated with progression to cancer, we again used an ROC curve (Fig. 5A ) and the log-rank test statistic to examine cancer outcome by S-phase cut point (Fig. 5B ). The ROC curve shows poorer combinations of sensitivity and specificity than those seen for 4N fraction. The log-rank test of cancer outcome suggested possible optimal cut points at 5.5% and 9% S phase. Therefore, we evaluated these two cut points as potential predictors of progression to cancer.
S-Phase Fractions as Predictors of Progression to Cancer
Of 307 patients, 137 had an S-phase fraction of Ͼ5.5% at baseline endoscopy. The incidence of cancer 3 yr and 5 yr after such an elevated S-phase was 17% (CI ϭ 12-25) and 21% (CI ϭ 15-30), respectively (Fig. 6A) . The RR for patients with this elevated S phase compared to those without was 2.3 (CI ϭ 1.2-4.4, p ϭ 0.02). Of 307 patients, 44 (14%) had an S-phase fraction of Ͼ9% at baseline endoscopy. The incidence of cancer 3 yr and 5 yr after this degree of elevated S phase was 21% (CI ϭ 11-40) and 28% (CI ϭ 14 -51), respectively (Fig. 6B) . The RR for patients with this elevated S phase compared to those without was 2.0 (CI ϭ 0.94 -4.1, p ϭ 0.07).
Cytometric Variables Combined With Histological Grade
We have previously reported that the presence of either aneuploidy or elevated 4N fraction is predictive of cancer outcome in the subset of patients with negative, indefinite, or low-grade dysplasia (RR ϭ 19, CI ϭ 4.7-78), but not among patients with HGD, for whom the cancer risk is uniformly elevated (21) . When this analysis is repeated with the exclusion of near-diploid aneuploidy (DNA content Ͻ 2.7), the presence of either aneuploidy or elevated 4N fraction assumes greater predictive strength in the subset of patients with negative, indefinite, or low-grade dysplasia (RR ϭ 25, CI ϭ 6.5-98) (Fig. 7A) , and becomes of borderline significance in the subset of patients with HGD (RR ϭ 1.8, CI ϭ 0.9 -3.9) (Fig. 7B) . The number of cancer cases in the patients without HGD is small: five of 20 in the "either aneuploidy or elevated 4N fraction" category, five of 16 in the "elevated 4N" category, and none of four in the "aneuploidy only" category progressed to cancer. These limited data appear to suggest that an elevated 4N fraction RR ϭ relative risk. * 95% CI provided at times when more than five patients at risk for esophageal adenocarcinoma are still followed. † Reference group is Յ6%.
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Cytometric Predictors of Barrett's Progression was the strongest indicator of cancer risk in this patient subset (RR ϭ 36, CI ϭ 9.2-140). When S phase was examined separately in HGD and non-HGD patient subsets, predictive strength was greatly diminished: in less than HGD patients an S phase of Ͼ5.5% was associated with a RR of 1.4 (CI ϭ 0.39 -4.9), but it was not significant (p ϭ 0.62). In patients with HGD the RR was 1.6 (CI ϭ 0.72-3.6), but it also was not significant (p ϭ 0.24). The S-phase cut point of 9% had a RR of 1.0 within both patient subsets. Because RR estimates within strata defined by presence or absence of HGD were similar, we fit a stratified model to test the risk imparted by S phase Ͼ 5.5% when high grade histology status was taken into account. The RR was not significantly different from 1 (RR ϭ 1.5, CI ϭ 0.79 -3.0, p ϭ 0.21).
DISCUSSION
The majority of Barrett's patients will not develop esophageal adenocarcinoma (10 -19, 37, 38, 40) , and these patients derive no benefit from endoscopic surveillance efforts. Conversely, when the subset of patients at risk for progression to cancer can be identified, surveillance efforts and resources can be most effectively focused on this population.
We have shown in this and a previous article (21) that flow cytometry can be an effective adjunct to histology to stratify patients with Barrett's esophagus into these low-and highrisk subsets. The flow cytometric measurement of cellular DNA content provides, in one analysis, quantitation of S phase, G2/4N fraction, and presence and DNA content of aneuploid cell populations (if present). The optimal clinical utility of flow cytometry requires that each of these quantities be correctly interpreted. This report is an attempt to determine the rules for such a determination by analyzing the relationship of the flow cytometric parameters to cancer outcome. The 4N cut point of 6% was originally selected as 2.5 SD above the mean G2/4N fraction in gastric fundus, and values above this level were found to be correlated with the presence of histological dysplasia in Barrett's esophagus (29) . 
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Elevations above this percentage have also been shown to correlate with p53 loss of heterozygosity (LOH) and subsequent development of DNA aneuploidy (41) . The degree of 4N elevation that is most predictive of progression to cancer had not, however, been previously established. By an analysis of ROC curves and the log-rank test statistic for cancer outcome (Fig. 1) , we have determined that the 6% cutoff based on histology is in agreement with the optimal cutoff for prediction of cancer outcome. This degree of elevation is, however, substantially less than the 15% cut point above which is conventionally considered to be evidence of DNA tetraploidy (32) . Despite this, we have demonstrated ( Fig. 2 ) that 4N elevation in the 6 -15% range is just as predictive of cancer outcome as is elevation Ͼ 15%.
As we have previously noted (21, 29, 36) , it is important that care be taken in flow cytometric analysis to avoid artifactual 4N elevations resulting from aggregation of cells or nuclei.
The association of elevated 4N fractions with p53 LOH suggests their possible origin; p53 inactivation in Barrett's esophagus usually occurs by 17p (p53) LOH and p53 mutation (41) (42) (43) (44) ; and in the absence of normal p53 protein, cells with DNA damage bypass the p53-dependent G1 checkpoint and arrest in G2/M (39). They may subsequently adapt to the G2/M checkpoint and pass without cell division into a tetraploid G1 (45, 46) . Analysis of sorted Barrett's epithelial cells from the elevated 4N fraction by fluorescence in situ hybridization (FISH) has indeed shown that they are a mixture of G2 and tetraploid G1 cells (47) . Aneuploid cells in Barrett's esophagus have a bimodal distribution of DNA contents with near-diploid and near- 
3078
Rabinovitch et al. AJG -Vol. 96, No. 11, 2001 triploid modes (Fig. 3A) . This distribution is very similar to that seen in other epithelial malignancies (48) , including breast (49) and colon cancers (50) . In the 42 cancers that arose within the cohort that we report, the near-diploid mode (DNA content Ͻ 2.7N) did not seem to be associated with increased cancer risk. Although the number of cases was small, patients with a near-diploid aneuploidy remained cancer free within 5 yr of baseline measurement (Fig. 3B ). Breast and bladder cancers with near-diploid aneuploidy have also been shown to be associated with more favorable prognosis (27, 28) , and our finding that the presence of near-diploid aneuploidy is associated with lower risk of progression to invasive cancer is analogous to observations in noninvasive, Ta, bladder lesions (51-53). There are several possible mechanisms of such a difference. It is possible that near-diploid aneuploidy is more frequently an artifact of altered DNA dye accessibility (54) or cell degeneration resulting from poor sample preservation (55) . However, we have used a dye that is least affected by chromatin conformation (4Ј,6-diamidino-2-phenyl-indole [DAPI]), and we have carefully minimized the time between endoscopy and biopsy preservation by placing the biopsies on ice in tissue culture medium during endoscopy and freezing them at Ϫ20°C immediately after the procedure. Alternatively, it is 
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Cytometric Predictors of Barrett's Progression possible that near-diploid aneuploidy arises by a different mechanism than near-triploid aneuploidy. As previously mentioned, we have shown that elevated 4N fractions are associated with inactivation of p53 and frequently precede aneuploidy (41) . A tetraploid intermediate has been proposed as a precursor to the development of aneuploidy in human cancers through progressive chromosome loss (56 -59) . In contrast, near-diploid aneuploidy may arise directly from diploid cells as a consequence of chromosome nondisjunction, such as typically occurs in many hematological malignancies (60, 61) . In this scenario, near-triploid (but not near-diploid) aneuploidy would be a step in a continuum from p53 abnormality and tetraploidy to aneuploidy to cancer. The hypothesis that elevated 4N fractions and neartriploid aneuploidy are manifestations of the same cellular defect could explain their similar cancer risk, but would not seem to explain the observation that the presence of both confers a higher cancer risk than either alone (Table 1) . It also seems surprising that the presence of more than one aneuploid population in Barrett's esophagus is not associated with higher cancer risk than the finding of a single aneuploid DNA content, as the former would seem to be evidence of a high degree of genomic instability in the Barrett's epithelium (30) . It seems that the presence of even a single DNA aneuploid population indicates that mechanisms of genomic instability are actively contributing to neoplastic progression. The proliferative rate of the Barrett's epithelium, as measured by S phase, seems to carry only very modest power for prediction of progression to cancer (22) , and we did not find 
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Rabinovitch et al. AJG -Vol. 96, No. 11, 2001 it to be significant when the presence of HGD was accounted for. We hypothesize that acquisition of a high proliferative rate in Barrett's esophagus is an early event in the sequence of neoplastic progression and does not strongly indicate which of these cases will go on to cancer. This is consistent with our observation that allelic loss of 9p21 and mutation of the CDKN2/p16 gene are common early events in Barrett's esophagus (41, 62) , as loss of p16 removes an important inhibitor of Rb activation. One of the most significant findings of this and a previous report (21) is that flow cytometry defines low-and high-risk subsets of patients without HGD, inasmuch as histological subdivision of these patients into negative, indefinite, and low-grade dysplasia subsets seems to provide poor separation of risk (21, 63, 64) and may be confounded by interobserver variation in histological diagnosis (65) (66) (67) (68) (69) . Not only do transient episodes of LGD increase patient anxiety, they are also a significant factor in increasing the cost of endoscopic surveillance in Barrett's esophagus (70) . The redefinition of prognostically significant aneuploidy (Ͼ2.7N) enhances the separation of low-and high-risk subsets of patients without HGD (Table 1 ). Multivariate analysis confirmed that elevated 4N fraction and aneuploidy of Ͼ2.7N each are independent predictors of cancer risk in a model that includes HGD, but S phase is not a predictor (data not shown). Our data support use of flow cytometry with histology in evaluation of cancer risk in Barrett's esophagus. Patients who undergo our biopsy protocol and 
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Cytometric Predictors of Barrett's Progression have negative, indefinite, or low-grade dysplasia biopsy results without increased 4N or aneuploidy may have subsequent surveillance deferred for up to 5 yr. More frequent surveillance can be reserved for patients with cytometric abnormalities, and management of HGD can be individualized based on careful risk-benefit calculations (6).
